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ABSTRACT

This study examines microphysical and thermodynamic characteristics of the 20 June 2015 mesoscale

convective system (MCS) observed during the Plains Elevated Convection At Night (PECAN) experiment,

specifically within the transition zone (TZ), enhanced stratiform rain region (ESR), anvil region,melting layer

(ML), and the rear inflow jet (RIJ). Analyses are developed from airborne optical array probe data and

multiple-Doppler wind and reflectivity syntheses using data from the airborne NOAA Tail Doppler Radar

(TDR) and ground-based Weather Surveillance Radar-1988 Doppler (WSR-88D) radars. Seven spiral

ascents/descents of the NOAA P-3 aircraft were executed within various regions of the 20 June MCS.

Aggregation modified by sublimation was observed in each MCS region, regardless of whether the sampling

was within the RIJ. Sustained sublimation and evaporation of precipitation in subsaturated layers led to a

trend of downward moistening across the ESR spirals, with greater degrees of subsaturation maintained

when in the vicinity of the descending RIJ. In all cases where melting was observed, the ML acted as a

prominent thermodynamic boundary, with differing rates of change in temperature and relative humidity

above and below the ML. Two spiral profiles coincident with the rear inflow notch provided unique ob-

servations within the TZ and were interpreted in the context of similar observations from the 29 June 2003

Bow Echo and Mesoscale Convective Vortex Experiment MCS. There, sublimation cooling and enhanced

descent within the RIJ allowed ice particles to survive to temperatures as warm as 16.88C before com-

pletely sublimating/evaporating.

1. Introduction

The structure, dynamics, and evolution of midlatitude

continental mesoscale convective systems (MCSs; all

acronyms and abbreviations are listed in appendix B)

are strongly influenced by microphysical processes. The

important role of latent heating and cooling in driving

the descent of the rear inflow jet (RIJ), production of

stratiform precipitation, and the development of the

wake low were first shown in early modeling studies of a

squall line observed on 10–11 June 1985 during the

Preliminary Regional Experiment for STORM-Central

(PRE-STORM; Cunning 1986) (e.g., Zhang and Gao

1989; Gallus and Johnson 1995; Yang and Houze 1995;

Gallus 1996; Braun and Houze 1997). Biggerstaff and

Houze (1991, 1993) hypothesized that multiple factors

contributed to the reflectivity minimum in the transition

zone (TZ) between the convective line and the en-

hanced stratiform region (ESR) in this MCS, including

mechanically driven gravity waves, microphysical cool-

ing from melting and evaporation, and the absence

of aggregation. Braun and Houze (1994) subsequently

used thermodynamic and microphysical retrievals

from the dual-Doppler kinematic analysis presented by
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Biggerstaff and Houze (1993) to conclude that the sec-

ondary maximum in radar reflectivity in the ESR was

most strongly influenced by vapor deposition within

mesoscale ascent in this region, coupled with en-

hanced aggregation above the melting layer (ML).

Furthermore, they suggested that the suppression of

ice crystal growth in the TZ is the dominant cause of

the observed reflectivity minimum there. Meanwhile,

idealized modeling studies (e.g., Pandya and Durran

1996; Pandya et al. 2000) have illustrated the impor-

tance of the latent heating profile in generating waves

that drive storm-relative flow.

In situ cloud microphysical observations within and

throughout MCSs are an important, though uncom-

mon, tool for verifying and expanding upon the ana-

lyses of remote observations andmodeling studies. An

advecting spiral descent of the National Oceanic and

Atmospheric Administration (NOAA) P-3 aircraft

through the stratiform region of the 10–11 June 1985

PRE-STORM squall line enabled the collection of the

first in situ microphysical observations within a mid-

latitude MCS. Willis and Heymsfield (1989) used

these and coincident radar observations to show that

the majority of melting and associated latent cooling

occurs just above the radar bright band, and that the

ice water content above the ML is several times

greater than the liquid water content below.

The availability of in situ microphysical observa-

tions within MCSs was substantially enhanced dur-

ing the 2003 Bow Echo and Mesoscale Convective

Vortex Experiment (BAMEX; Davis et al. 2004).

McFarquhar et al. (2007a, hereafter M07) presented

in situ vertical profiles of the properties and concen-

trations of hydrometeors above, below, and within

the ML in ESRs of MCSs collected during 16 spiral

descents of the NOAA P-3 behind the convective

line of 10 MCSs. Their results, together with col-

umn model studies (Grim et al. 2009, hereafter G09),

suggested that a combination of aggregation and

sublimation controlled the evolution of particle size

distributions (PSDs) above the ML in the ESR, with

the effects of sublimation decreasing as the environ-

ment evolved toward saturation with respect to ice.

Their results showed that cooling from melting and

evaporation in subsaturated air within and below the

ML was the most important diabatic process in the

ESR. Observations from a single spiral conducted on

29 June 2003 in the subsaturated rear inflow notch of a

developing bow echo indicated that sublimation re-

duced ice particle aggregation and was the dominant

diabatic process in that region. Subsequently, Smith

et al. (2009, hereafter S09) used P-3 X-band Tail

Doppler Radar (TDR) data to provide context to

the microphysical profiles. They showed that subli-

mation reduced particle concentration and mass while

cooling the environment above the ML in the early

stages of MCS development, but became less impor-

tant as the environment became ice saturated as the

ESR matured.

Additional in situ measurements were made in the

stratiform areas behind midlatitude and tropical MCSs

during the 1999 Kwajalein Field Experiment (Yuter

et al. 2005), the 2002 Cirrus Regional Study of

Tropical Anvils and Cirrus Layers–Florida-Area Cirrus

Experiment (Jensen et al. 2004), and the 2011 Midlatitude

Continental Convective Clouds Experiment (MC3E;

Jensen et al. 2016). Heymsfield et al. (2015) used

data from all three experiments to show that the

maximum particle size increased while descending

through the ML, regardless of whether the environ-

ment was saturated or highly subsaturated. They fur-

ther showed that little melting occurred in highly

subsaturated conditions, with all particles experi-

encing sublimation. Marinescu et al. (2016) used

in situ data from MC3E to constrain and verify their

model simulation, which showed that evaporative

cooling dominates below cloud base in the convective

region of MCSs, cooling from evaporation, sublima-

tion, and melting are important and altitude depen-

dent in the ESR, and that sublimation is the dominant

cooling process in the anvil region. While evaporative

and sublimative cooling rates in the convective line

and ESR decreased as the MCS matured and weak-

ened, they found minimal changes in latent cooling

with time within the anvil region.

The Plains Elevated Convection At Night (PECAN;

Geerts et al. 2017) project took place over the Great

Plains during June and July 2015. PECAN data are

being used to improve the understanding of processes

controlling initiation, organization, and maintenance

of nocturnal MCSs. Instruments on the P-3 acquired

detailed in situ microphysical and thermodynamic

observations during spiral ascents/descents across six

MCSmissions. TheMCS observed on 20 June 2015most

closely corresponded to the classic leading-line/trailing

stratiform archetype described by Houze et al. (1989),

allowing for observations to be considered within

a common and recognizable conceptual framework

(Fig. 1) and hence providing information about the

dominant processes occurring within each region at

different stages of evolution. During this mission,

the P-3 executed seven spirals in different regions

and stages of evolution of the MCS. Four spirals

transected the RIJ. In situ microphysical and ther-

modynamic observations obtained within these spi-

rals, coupled with P-3 and ground-based Weather
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Surveillance Radar–1988 Doppler (WSR-88D) ra-

dar observations, are used herein to analyze the

thermodynamic and microphysical characteristics of

the 20 June 2015 MCS. Multiple-Doppler syntheses are

used to interpret microphysical observations in the

context of storm structure, especially with regard to

their location relative to the RIJ. These analyses are

compared to observations from a single spiral profile

collected within the rear inflow notch of the 29 June

2003 BAMEX MCS, the only other data within this

region of an MCS, to better understand how the

evaporation, melting, and sublimation vary in time and

with respect to MCS region and the RIJ.

2. Data sources and methods

This study examines the microphysical and thermo-

dynamic characteristics of the 20 June 2015 MCS

sampled over South Dakota during PECAN Unofficial

Field Operation 4. The location of this MCS was

too far north of the PECAN operational domain to

be targeted by any of the ground-based assets avail-

able during the project, limiting observations of this

system to those collected aboard the NOAA P-3. The

P-3 executed seven spiral ascents/descents (hence-

forth, spiral profiles) in the trailing stratiform re-

gion of the MCS, four of which transected the RIJ.

No attempt was made to perform quasi-Lagrangian

spiral descents that are designed to track the fall

of particles (Lo and Passarelli 1982; M07). Instead,

the P-3 ascended or descended at approximately 5m s21,

allowing time for more spirals to be executed, and

avoiding aircraft charging near and within the ML. The

spirals provided temperature-dependent profiles of at-

mospheric state and cloud microphysical parameters.

When considered in the context of system structure and

stage of growth, these provide insight into microphys-

ical and thermodynamic processes, even though the

action of those processes on specific particle pop-

ulations could not be tracked.

a. Thermodynamic measurements

The P-3 was equipped with a Rosemount 102 to-

tal temperature sensor and two chilled mirror hygrom-

eters (Buck Research 1011C and Edgetech Instruments

137) for measuring dewpoint temperature. Following

M07, the Zipser et al. (1981) sensor wetting correc-

tion was applied to the flight-level temperature and

dewpoint measurements, the corrected temperature

values hereafter referred to as T. Zipser et al. (1981)

FIG. 1. Schematic cross section of an MCS with a leading convective line and trailing

stratiform region, adapted fromHouze et al. (1989). Green shading represents regions where

precipitation echo is present on radar, while yellow and red shading represent regions of

higher radar reflectivity. The general location of the radar bright band is also indicated. The

four primary MCS regions: the convective line, transition zone (TZ), enhanced stratiform

region (ESR), and anvil region are shown. The relative location of observations from 20 Jun

2015 in the vicinity of the RIJ within the ESR are bounded by the red box (corresponds to

Fig. 22a), and those within the TZ are bounded by the dashed light blue box (corresponds to

Fig. 22b). Observations removed from the RIJ are bounded by the dashed dark blue box

(corresponds to Fig. 22c).

TABLE 1. Characteristics of the NOAA P-3 TDR, valid for the

entirety of the 2015 PECAN campaign. PRF is the pulse repetition

frequency, Rmax is the maximum unambiguous range of the radar,

and Vmax is the Nyquist velocity.

Fore/aft antenna tilt (8) 20.0/220.0

Wavelength (cm) 3.22

Frequency (GHz) 9.31

Beamwidth (8) 1.98

Along-beam resolution (m) 75

Along-track resolution (m) 750

Low/high PRF (Hz) 1575/2100

Rmax (km) 71.38

Vmax (m s21) 50.72
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estimated the maximum error in the corrected T

and dewpoint to be approximately 1.58C. Using T

and the corrected dewpoint measurement, flight-level

relative humidity with respect to water and ice was

computed using the sixth-order polynomial and as-

sociated coefficients for water and ice provided by

Lowe and Ficke (1974), who note that the estimated

errors in both vapor pressure and saturation vapor

FIG. 2. Example of synthesized radar reflectivity and ground-relative winds at (a) 2.6 and (c) 7.6 km

MSL from the Spiral 5 SAMURAI analysis, valid at 0613 UTC 20 Jun 2015. Wind barb flags, long barbs,

and short barbs indicate values of 50, 10, and 5 m s21, respectively. The black and white lines indicate the

flight track of the P-3 for the period of time included in the analyses. (b),(d) Correspond to the same analyses

and levels in (a) and (c), respectively, but show the number of radars contributing to the analyses throughout

the domain.
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pressure are less than 1%. Unless otherwise stated,

relative humidity (RH) was calculated with respect to

liquid water for T . 08C, and with respect to ice

for T # 08C.

b. Microphysical measurements and processing

ADroplet Measurement Technologies Cloud Imaging

Probe (CIP) and a Precipitation Imaging Probe (PIP)

were installed on the P-3 to measure cloud and precip-

itation particle properties. The CIP and PIP are 64 ele-

ment optical array probes (OAPs) with sizing elements

of 25- and 100-mm resolution, respectively, nominally

allowing for the detection of particles with maximum

dimension (D; diameter of smallest circle enclosing each

particle Wu and McFarquhar 2016) ranging from 25mm

to 6.2mm. The PIP malfunctioned during PECAN, and

after a thorough analysis and comparison of observa-

tions with those from the CIP, the PIP data were de-

termined to be unusable. Thus, the largest resolvable

D was approximately 2mm when reconstructing parti-

cles whose edges were beyond, but centers within, the

CIP sample area. To better characterize PSDs for

particle sizes normally observed by the PIP, estimates of

size-resolved and bulk microphysical parameters for

particles with D up to 12mm were obtained by forcing

mass closure between the CIP and the bulk total water

content (TWC) measured by the Science Engineering

Associates Inc. (SEA) multielement water content sys-

tem (WCM-2000; Strapp et al. 2008). This procedure is

described in detail in appendix A.

The University of Illinois/Oklahoma OAP Processing

Software (McFarquhar et al. 2018; see also McFarquhar

et al. 2017) was used to decompress the raw CIP data,

perform quality control, and determine particle-by-

particle characteristics, 1- and 10-s averaged PSDs, and

bulk parameters. The area ratio (A; McFarquhar and

Heymsfield 1996) of each particle was defined as the

projected area of a particle divided by the area of a circle

with diameterD. Particles withA, 0:2 were rejected as

artifacts, and particles with D , 125mm were discarded

due to the small and highly uncertain CIP depth of field

(Baumgardner and Korolev 1997) and because of the

possible existence of undetected shattered artifacts (e.g.,

Korolev and Isaac 2005; McFarquhar et al. 2007b, 2011;

FIG. 3. (a) Multi-Radar Multi-Sensor SHSR 37 dBZ reflectivity isodops drawn at 10min

increments spanning the period of P-3 observations of the 20 Jun 2015 MCS. (b) Geometric

centroids for each of the 10-min 37 dBZ isodops shown in (a), complete with a subjective best-

fit line used in the determination of the average storm motion vector.
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Jackson et al. 2014). Antishattering probe tips (Korolev

et al. 2011) were not installed on the CIP during PECAN.

To minimize the inclusion of shattered artifacts while

retaining as many natural particles as possible, artifacts

were removed based on the distribution of particle in-

terarrival times (the time interval between the arrival

of each particle in the sample volume) following Field

et al. (2003, 2006). The interarrival time threshold for

FIG. 4. Radar reflectivity composites at 1 km AGL (1.6 km MSL) composited fromWSR-88D observations of the

20 Jun 2015 MCS between 0513 and 0801 UTC, with the flight track (gray line) and current location of the P-3 (black

dot, white edge) shown along with the location and maximum range of the fore and aft beams of the TDR (red and

blue lines, respectively). The dotted black outline in (a) denotes the location of the rear inflow notch at that time, and

the dashed black arrow in (a), (c), (d), and (f) refer to the approximate location and direction of the main RIJ axis.
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distinguishing between artifacts and natural particles

was determined on a spiral-by-spiral basis, where the

average threshold across all PECAN spirals was 3.5 3
1025 s. Particles with an interarrival time below the

threshold were removed, along with the particle im-

mediately preceding if D , 500mm.

After removing artifacts, each particle was assigned

one of nine habit classifications following Holroyd

(1987). The mass of an individual particle was then

determined as m 5 aDb using the habit-dependent

coefficients a and b summarized by Jackson et al. (2012,

2014), who demonstrated this method provided mass

estimates closer to measurements of bulk mass when

particle habit is known compared to other available

methods. Some of these mass–diameter (m–D) rela-

tionships were formulated using a different definition

of particle dimension than D (e.g., the Brown and

Francis (1995) m–D relationship which used mean

particle dimension), and were thus adjusted accord-

ingly following Hogan et al. (2012).

To characterize the vertical variability of hydrome-

teor shape and size as a function of T for each spiral,

particle images representative of the habits present were

manually selected for 18C bins. Every effort was made to

TABLE 2. Starting and ending altitudes (MSL), minimum and maximum observed T and RH, dT/dz, and T at the top and bottom of the

ML [if observed; dashes (—) indicate either theMLwas not sampled or that the available data were inconclusive] within each 20 Jun 2015

PECAN spiral and the first 29 Jun 2003 BAMEX spiral. The location of each spiral relative to key MCS regions and features is also

provided.

Spiral

MCS

region

Beginning

altitude (km)

Ending

altitude (km)

Min

T (8C)
Max

T (8C)
dT/dz

(8Ckm21)

Min

RH (%)

Max

RH (%)

ML top

T (8C)
ML bottom

T (8C)

S1 TZ/RIJ 5.94 7.33 217.6 29.3 25.84 98.5 118.8 — —

S2 TZ/RIJ 7.33 2.88 217.6 15.4 27.41 28.0 118.7 0.0 6.8

S3 Anvil 2.86 6.67 215.9 12.0 27.35 44.5 116.8 — —

S4 ESR/RIJ 6.67 2.60 213.0 16.1 26.61 37.9 113.6 0.2 5.9

S5 ESR/RIJ 2.54 6.68 213.6 14.7 26.47 46.6 114.2 0.2 5.8

S6 ESR 6.64 2.54 213.4 9.6 25.17 86.5 114.0 2.3 4.6

S7 ESR/RIJ 2.56 6.66 213.2 12.2 26.00 66.9 113.8 0.0 4.7

B1 TZ/RIJ 2.76 5.21 29.33 9.16 27.16 51.8 105.8 2.5 6.8

FIG. 5. Radar reflectivity and storm-relative winds determined by the S2, S5, and S7 SAMURAI analyses at 3.5 km AGL (reported in

MSL) in (a), (b), and (c), respectively. Wind barb flags represent 50m s21, long barbs are equal to 10m s21, and short barbs represent

5m s21. The stormmotion vector is provided in the upper-right corner of (a). TDR data collected along the P-3 flight tracks shown (white

lines with black outline) were used in each SAMURAI analysis. The solid black line in each panel designates the location of the cross

sections in Figs. 6, 15, and 19. The dashed black line in (a) denotes the approximate location of the rear inflow notch referred to in the text.
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reflect the true proportions of shapes and sizes when

constructing these plots; however, they should not be

interpreted quantitatively in the context of contribu-

tions of different particle habits to particle number dis-

tribution [N(D)] or mass distribution function [M(D)].

Averages of particle A were also determined to give a

quantitative measure of how particle shape varied with

temperature and between spirals.

The temperatures of the top and bottom of the ML,

if present in the sampled region, were determined by

inspection of all particle images acquired. The top of

the ML was defined where melting was first observed,

as characterized by the presence of ice crystals whose

edges were rounder than the often sharp, well-defined

edges of crystals at subfreezing temperatures. The

bottom of the ML was defined where all observed

particles were spheroids. If no time periods with ex-

clusively spheroidal particles were observed, the ML

bottom was indeterminate, and recorded as the highest

temperature where the observed transition to liquid

water was not yet complete. The boundaries of the ML

were used in the calculation of TWC. The mass of

particles above the ML within the observed size range

(D# 2mm) was determined using the habit-dependent

mass coefficients described previously, while the mass

of larger particles was determined using the modified

Brown and Francis (1995) m–D relationship. Particles

observed below the bottom of the ML were assumed to

have a density of 1 g cm23, and a spherical volume

weighted by the spiral-averaged, T. 08C,A to account

for the prolate nature of the drops. The determination

of particle mass in mixed-phase conditions was inde-

terminate, since no m–D relationships currently exist

for mixed-phase particles.

To characterize overall changes in the sampled par-

ticle populations and their environments, the average

rates of change in thermodynamic and bulk micro-

physical quantities with respect to increasing T were

calculated over vertical layers using a linear least

squares fit to those data. Following M07, the fractional

rates of change of total number concentration (Nt) and

TWC were derived from fits to log10Nt and log10TWC,

FIG. 6. Vertical cross section through S2 given by the solid black line in Fig. 5a, showing

(a) reflectivity and (b) cross-section-parallel storm-relative winds, where solid black contours

designate positive values (left to right) every 5m s21 and dashed black contours are negative

values (right to left) also every 5m s21 (contour colors change to white at 640m s21 for

readability). Each panel shows the two-dimensional P-3 flight track as viewed from the plane of

the cross section (white line, black outline), the location of the top and bottom of theML in the

vicinity of the spiral (bold dashed black lines), and the T andRH values observed at the bottom

boundary of the ML.
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allowing for direct comparison of changes in these

quantities irrespective of their relative magnitudes.

Spiral data from the notch region of the 20 June 2015

PECAN MCS are directly compared to that collected

previously in the 29 June 2003 BAMEX MCS. Data

collected within the BAMEX MCS, which used the

Particle Measurement Systems two-dimensional cloud

(2DC) and precipitation (2DP) probes, were reproc-

essed following similar procedures as outlined above

to take advantage of improvements in the processing

codes and to allow for consistent comparisons with the

PECAN data. The most notable difference from previ-

ously published analyses was the identification and re-

moval of shattered artifacts, which were not accounted

for in the original studies (M07; S09; G09), and the use

of a common set of habit-dependentm–D relationships.

In this study, 2DC data for D , 1mm were combined

with 2DP data for D $ 1mm for BAMEX, yielding

combined PSDs spanning 150 mm–6.8mm.

c. Radar observations, processing, and synthesis

Radar data from the NOAA P-3 TDR and several

NWS WSR-88D 10-cm wavelength S-band operational

radars were synthesized using the Spline Analysis at

Mesoscale Utilizing Aircraft and Radar Instrumentation

(SAMURAI; Bell et al. 2012) radar wind synthesis soft-

ware. The Rapid City (KUDX), Aberdeen (KABR), and

Sioux Falls, SouthDakota (KFSD), radars were the only

WSR-88Ds with coverage within range of the 20 June

MCS over the duration of the P-3mission, andwere used

to constrain the SAMURAI analyses and extend the

radar analysis domain beyond that of the TDR. All

WSR-88D observations were edited using the National

Center for Atmospheric Research Solo II package (Oye

et al. 1995) to remove nonmeteorological echoes and

unfold radial velocities.

At the time of PECAN, the TDR consisted of a single

3.22-cm wavelength X-band Doppler radar which used

the fore/aft scanning technique (Jorgensen et al. 1996)

whereby the radar alternated between two separate

conically scanning antennas, pointing 208 fore and aft of

the P-3, every full 3608 sweep. Key characteristics of the

TDR are provided in Table 1 (Jorgensen et al. 1996;

D. P. Jorgensen and C. Ziegler, personal communica-

tion, 2017). Though observations from the TDR are of

higher temporal and spatial resolution than those from

the WSR-88Ds, the smaller wavelength of the TDR in-

creased attenuation, limiting the ability of the TDR to

fully resolve the ESR and convective line within its

maximum unambiguous range.

The TDR data were corrected to account for the

movement of the P-3 platform by applying navigation

corrections (Cai et al. 2018) using Solo II. A hybrid of

the quality control levels outlined in Bell et al. (2013)

were applied to the TDR data to remove noise, surface

returns, and other nonmeteorological echoes. The TDR

data for 20 June were not affected by velocity folding

because a dual–pulse repetition frequency (PRF) tech-

nique (Jorgensen et al. 2000) was used during PECAN.

However, this technique can produce unfolding errors

by the radar signal processor in regions of high wind

shear or turbulence, which was common within the

PECAN MCS environments. Improper dual-PRF un-

folding errors in the TDR data were corrected using an

algorithm provided by Alford et al. (2018), which uses a

similar, but more robust identification and correction

method than that of Joe and May (2003). The final step

in the TDR quality control involved manually reviewing

and editing each radar volume to remove any remaining

spurious echoes.

TheSAMURAI softwareminimizes a three-dimensional

variational cost function, using cubic B-spline finite el-

ements, to provide a maximum likelihood estimate of

radar reflectivity and three-dimensional winds from a

given set of observations. Bell et al. (2018) and the

present study represent the first uses of SAMURAI for

the analysis of MCSs. Three SAMURAI analyses were

conducted for this study, with the domain for each de-

fined as 200 km 3 250 km 3 16 km in x, y, and z,

FIG. 7. Horizontal ground-relative wind speed (m s21) observed

aboard the P-3 as a function of altitude (km) MSL for all 20 Jun

PECAN spirals along with the first 29 Jun BAMEX spiral. The

MCS region where each spiral occurred and an indication of

whether the given spiral occurred in the vicinity of the RIJ or rear

inflow notch of the MCS are provided in the legend.
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respectively, with horizontal grid spacing of 1 km and

vertical grid spacing of 0.5 km, centered at the midpoint

(in time) of the P-3 within the spiral profile of each

analysis. These spatial resolutions are of the same or-

der as the resolution of the input radar observations.

Three-dimensional mass-continuity was applied, as-

suming vertical velocities were 0m s21 at the top and

bottom of the domain. A 6Dx and 2Dz Gaussian filter

was used to suppress higher-frequency fluctuations in

the data (Purser et al. 2003), limiting the impact of

noise within the data. This filter also filled gaps in the

observations between elevation cuts in the horizontal

due to beam spreading for the WSR-88D observations,

and due to the irregular beam spacing in all dimensions

inherent in the atypical Doppler geometry of the TDR

data collected at the outer edges of spiral profiles.

Horizontal wind retrievals were calculated only in

regions where at least two sets of input radial velocities

were included in the analysis (Fig. 2), with horizontal

winds defaulting to radial velocities otherwise. An

example appears in Fig. 2 (Spiral 5 at 2.6 and 7.6 km

MSL). The spiral was located between KUDX and

KABR, with slightly better overlapping coverage

from KUDX.

The stormmotion for the 20 JuneMCSwas determined

using the National Severe Storms Laboratory Multi-

Radar Multi-Sensor Seamless Hybrid Scan Reflectivity

(SHSR) product (Zhang et al. 2016). The SHSR 37dBZ

isodop, which was found to be a suitable proxy for

overall system morphology, was plotted every 10min

between 0450 and 0810 UTC 20 June (Fig. 3a), with a

best-fit line subjectively drawn through the geometric

centroids of each isodop (Fig. 3b). The resulting aver-

age stormmotion was found to be (u, y)5 (28.5,21.95)

m s21, and storm-relative winds were determined by

subtracting the u and y components of the storm

FIG. 8. Extended CIP observations of (a)N(D) and (b)M(D) within S2 as functions of both time (UTC) and T

(8C). The thin black trace in (a) and (b) represents the number concentration, N (cm23), and TWC (gm23) for

250 # D # 750 mm, respectively. The bold black and dashed blue traces represent the same quantities but for

750mm,D# 2mm and 2,D# 6mm, respectively. The horizontal dashed black lines indicate the boundaries

of theML, with the value ofT provided for each. Dark blue horizontal lines refer to key periods discussed further

in the text. 1) top of the subsaturated layer, 2) first instance of subsaturation encountered in the spiral descent,

and 3) level where the P-3 began to descend through the RIJ flow maxima.
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motion vector from the vector components of the ob-

served ground-relative winds.

Data from surrounding WSR-88D radars were com-

bined using the Python ARM Radar Toolkit (Helmus

and Collis 2016) to produce a composite radar re-

flectivity field of the entireMCS at 1 kmAGL. The flight

track of the P-3 was plotted at 1-min intervals atop the

resulting composited radar reflectivity field, with the

maximum range (71.38 km) of the fore and aft beams of

the TDR provided for reference (Fig. 4).

3. Results

The 20 June spirals are presented in chronological

order, with thermodynamic and microphysical ana-

lyses provided in the context of both single radar ob-

servations and SAMURAI analyses where available.

Characteristics of each 20 June spiral, and the first

spiral from the 29 June 2003 BAMEX mission (here-

after referred to as B1), are provided in Table 2, in-

cluding the starting and ending altitudes, the maximum

and minimum values of T and RH, the temperature

lapse rate (dT/dz), and T at the top and bottom of the

ML (if observed).

a. S1 and S2: TZ/rear inflow notch

The P-3 completed an upward spiral (S1) followed

by a downward spiral (S2) between 0456 and 0513 UTC

within the rear inflow notch of the developing bow echo

(Fig. 4a). The rear inflow notch appears as a concavity in

the trailing edge of the precipitation echo immediately

to the northwest of S2 (Fig. 5a), with a channel of weaker

reflectivity denoted by the dashed black line in Fig. 5a

extending southeast from this region, across the spiral,

and toward the convective line. The S2 cross section of

reflectivity in Fig. 6a, location denoted by the solid black

line in Fig. 5a, shows that the P-3 began its descent

in a region of locally enhanced reflectivity (18 dBZ) at

(x, z) 5 (35, 7.3 km) [all cross-section-specific coordi-

nates are henceforth given as (x, z)]. Reflectivities de-

creased to 12 dBZ at the top of the ML, (43, 4.4 km),

rapidly decreasing further within and below the ML to a

value of 2 dBZ at the bottom of the S2 descent. No radar

bright band was observed. S1 was only 1.4 km deep

with a maximum T of 29.38C (not shown) and was

characterized by a similar reflectivity structure as ob-

served along the S2 flight track above 6 km (Fig. 6a).

The location of the RIJ axis in the S2 analysis co-

incides with the maxima of storm-relative rear-to-

front (RTF) flow between approximately 8.8 km and

3.2 kmMSL as seen in Fig. 6b. The RIJ had a down-

ward slope from left to right in the resolved wind field,

beginning to the left at (0, 7 km) with the terminus

presumably located just beyond the region of resolv-

able winds as it reached the convective line near (120,

4.2 km) (Fig. 6a). S2 fully transected the RIJ with air-

craft in situ observed ground-relative wind speeds up

to 37m s21 at 3.5 km MSL, just below the S2ML at

3.8 km MSL (Fig. 7). The only other existing obser-

vations within the rear inflow notch of an MCS were

collected in B1.

Vertical profiles of N(D) and M(D) were used to

understand how PSDs varied within each spiral as a

function of both time and T, with number and mass

concentrations for various particle size ranges over-

laid to aid in the identification of trends. Considering

TABLE 3. Average RH (%), and rates of change in RH, log10Nt, log10TWC, andDmm with respect to increasing T for select layers within

each 20 Jun PECAN spiral as well as the 29 Jun BAMEX spiral.

Spiral Temperature range (8C) RH (%) dRH/dT (% 8C21) dlogNt/dT (% 8C21) dlogTWC/dT (% 8C21) dDmm/dT (mm 8C21)

S1 T , 29 112.2 21.5 222.4% 24.4% 124

S2 T # 213 115.5 21.1 25.1% 23.6% 11

213 , T , 29 109.6 20.5 221.0% 210.7% 1345

29 # T # 0 89.0 24.8 215.2% 214.2% 128

S3 T , 212 109.3 23.3 224.4% 28.6% 1218

T $ 212 66.6 21.9 238.4% 274.8% 2256

S4 T , 26 109.5 21.1 29.0% 24.7% 21

26 # T , 22.6 103.9 21.7 232.7% 27.4% 1127

22.6 # T # 0 85.8 210.1 236.9% 225.1% 1552

S5 T , 26 111.4 21.2 25.1% 22.8% 163

26 # T , 22.5 104.1 21.0 250.0% 24.1% 1383

22.5 # T # 0 93.1 24.8 268.2% 257.5% 2938

S6 T , 22.2 105.2 21.1 221.8% 25.2% 1288

22.2 # T # 2.3 95.9 21.4 248.5% 20.7% 1889

S7 211 # T , 24.7 102.9 21.1 241.4% 217.5% 1315

23.5 # T # 0 99.9 22.8 297.8% 244.2% 1195

B1 T # 2.5 112.2 23.2 217.9% 213.6% 143
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these profiles for S2 (Fig. 8), N(D) and M(D) pre-

dominately decreased with increasing T for 750mm ,
D # 2mm as the P-3 transected the maxima in RIJ

flow (213.28 # T , 298C). Similar decreases in both

quantities were observed forD# 750mm to T’2128C,
at which pointN(D) andM(D) forD# 750mm and 2,
D # 6mm increased until reaching the first level of

subsaturated air at T 5 298C. Between 213.28 and

298C, the average dlogNt/dT was 221.0% 8C21, and

dlogTWC/dT was210.7% 8C21 (Table 3; Figs. 9 and 10,

respectively). The greater rate of decrease in Nt relative

to TWC, an increase in median mass diameter (Dmm)

with increasing T (dDmm/dT) of1345mm 8C21 (Table 3;

Fig. 11), together with the increases in N(D) and M(D)

for larger particles and decreases for small particles

were all likely due to aggregation. Unexplained ‘‘oscil-

lations’’ in N(D) and M(D)—such as the localized in-

crease in both forD# 2mm and decrease forD. 2mm

between approximately 2108 and 298C—were likely

due to the P-3 spiraling into and out of distinct particle

populations and horizontal inhomogeneity. Similar

oscillations were observed in the quasi-Lagrangian

BAMEX spirals (M07).

Just below the RIJ flow maxima, an 800-m-thick

layer of subfreezing, subsaturated air between the

S2ML at 08C (4.4 km MSL) and T 5 268C (5.2 km

MSL) was observed (Fig. 12). RH decreased at an av-

erage rate of 22.9% 8C21 for T # 08C, with a similar

trend observed within and below the ML (Table 4),

reaching a minimum of 28% at the bottom of S2. In

addition, S2 had the most negative dT/dz of the 20 June

spirals, averaging 27.418Ckm21 (Table 4), along with

the warmest T of the 20 June spirals for any given al-

titude below 4.25 km MSL (Fig. 13). B1 exhibited

similar trends in both RH and T as those seen in S2,

with large dT/dz and notably subsaturated conditions,

though unlike S2, B1 never achieved saturation at

any level. Unique to S2 and B1 relative to all other

BAMEXand PECAN spirals on any daywas the presence

of ice observed to T 5 16.88C (Fig. 14; cf. M07). Slight

evidence of melting onset within S2 was found at 08C, with
observed particles at allT. 08C never resembling entirely

liquid drops, suggesting that melting was progressing very

FIG. 10. As in Fig. 9, but for total water content (TWC) (gm23)

as a function of T (8C). Particle mass was not calculated within the

ML, thus the data gaps in TWC in the spirals where an ML was

observed.

FIG. 9. Total number concentration (Nt) (cm
23) as a function of

T (8C) for all 20 Jun PECAN spirals along with the first 29 Jun

BAMEX spiral. Stars indicate the top and bottom of the ML for

each spiral where the ML was observed. The MCS region where

each spiral occurred and an indication of whether the given spiral

occurred in the vicinity of the RIJ or rear inflow notch of the MCS

are provided in the legend.
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slowly, due in part to the evaporative/sublimative cool-

ing of particles (e.g., Rasmussen and Pruppacher 1982;

M07). Despite thermodynamically similar conditions,

B1 exhibited a more definitive melting onset at T 5
12.58C, complete with a 250-m-thick isothermal layer

(M07). Three separate isothermal layers, each ap-

proximately 75-m-thick, were observed within the

ML of S2: at melting onset, at 12.28C, and at 15.58C
(Fig. 13). The G09 column model of B1 suggests that

microphysical processes alone cannot explain the de-

gree of sustained subsaturation seen within B1, and by

extension S2. Mesoscale downdrafts associated with

the descending RIJ likely accelerated ice toward

warmer T prior to melting, in addition to offsetting the

moistening due to sublimation via adiabatic warming.

Within S2, the generally greater decrease in RH with

increasing T and a more vigorous RIJ than observed in

B1 (Fig. 7) may explain the lack of both well-defined

melting and a contiguous isothermal layer at melt-

ing onset.

After crossing the first level of subsaturation at

T 5 298C, N(D) and M(D) for D , 2mm decreased

overall with increasing T until reaching the top of the

ML. The N(D) and M(D) for 2 , D # 6mm also de-

creased with increasing T, with increases in both

quantities between258 and22.38C. For this primarily

subsaturated layer within S2 dlogNt/dT was 215.2%

8C21, and dlogTWC/dT was214.2% 8C21 (Figs. 9 and

10, respectively). Aggregation alone would produce

an increase in larger particles at the expense of small

particles, which is commonly reflected in increases of

Dmm with increasing T. However, this predominantly

subsaturated layer of S2 had a negligible dDmm/dT

of 128mm 8C21 for T # 08C (Fig. 11). These results

are similar to those of B1, though the rates of

FIG. 12. As in Fig. 9, but for relative humidity (RH) (%) as a

function of T (8C).

FIG. 11. As in Fig. 9, but for median mass diameter (Dmm) (mm)

as a function of T (8C). Particle mass was not calculated within the

ML, thus the data gaps in Dmm in the spirals where an ML was

observed.

TABLE 4. Average rates of change in RH with respect to in-

creasing T, and in T with respect to increasing altitude, for the

layers above and below the top of the ML in spirals where the ML

was observed on 20 June.

Spiral Temperature range dRH/dT (% 8C21) dT/dz (8Ckm21)

S2 T # 0 22.9 25.6

T . 0 22.4 29.4

S4 T # 0 22.3 25.5

T . 0 22.8 28.6

S5 T # 0 21.5 25.5

T . 0 22.8 28.0

S6 T # 2.3 21.2 24.8

T . 2.3 10.2 26.8

S7 T # 0 21.2 25.1

T . 0 22.8 27.7
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reduction in Nt and TWC, and rate of increase inDmm

with increasing T were lower than seen in S2, at

212.7% 8C21, 25.8%8C21, and 167mm 8C21, respec-

tively, for T # 08C. All of this taken together would

suggest that while aggregation was definitely occur-

ring within S2, sublimation may have limited aggre-

gation efficiency by both reducing the number of

smaller particles (e.g., Gu and Liou 2000), and re-

ducing the size of larger particles and existing aggre-

gates. The absence of a water layer on the particles

could also have reduced the aggregation efficiency.

b. S3: Rear anvil

An upward spiral (S3) commenced between 0521

and 0537 UTC sampling the anvil region to the north

of the RIJ axis (Fig. 4b). TDR reflectivity revealed

that S3 predominantly sampled clear air beneath

the anvil, with sporadic cloud sampling near cloud

base for 268 $ T $ 2128C, and remained within the

lower ;400m of the anvil for the rest of the ascent

at T , 2128C.
For T , 2128C, N(D) andM(D) generally decreased

with increasing T for D # 2mm, while both exhibited

increases for D . 2mm. Here, a greater decrease

in logNt than logTWC relative to increasing T was

observed, with a dlogNt/dT of 224.4% 8C21 and a

dlogTWC/dT of 28.6% 8C21 (Figs. 9 and 10, respec-

tively). These trends, coupled with an average dDmm/dT

of 1218mm 8C21 (Fig. 11) and aggregates observed in

the CIP particle imagery, support aggregation as an

FIG. 14. Representative particle images observed by theCIP during

S2 as a function of T (8C).

FIG. 13. As in Fig. 9, but for temperature (T) (8C) as a function of

altitude (km MSL).
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active process within the anvil region. A 250-m-thick

layer of subsaturated air was observed for 2128 .
T . 2138C (Fig. 12), where N(D) and M(D) decreased

over most particle sizes, suggesting a limiting effect on

aggregation due to sublimation.

c. S4 and S5: Trailing ESR/RIJ

The P-3 conducted downward and upward spirals (S4

and S5) between 0547 and 0622 UTC in the trailing half

of the ESR, drifting eastward in an attempt tomaintain a

quasi-steady position relative to the convective line

(Figs. 4c,d). Weak storm-relative convergence was ob-

served along the southeastern half of the cross section

(Fig. 5b), with cyclonic flow inferred to the northeast of

the cross section and less-structured anticyclonic flow to

the southwest, suggesting bookend vortices may have

been present or developing at this time. TDR data

showed that while the overall structure between the

two spirals was the same, there was considerable along-

track variability in reflectivity within both S4 and S5.

Given the resolution of the SAMURAI analyses is large

compared to the small scale over which variations were

observed, the S5 analysis presented here will also be

considered as the basis for the interpretation of S4.

The cross section of reflectivity indicates that S4 and S5

occurred within the ESR, based on the presence of a weak

radar bright bandat (78, 3.8km), andprecipitation reaching

the surface between x 5 55 and 115 km (Fig. 15a). Of

note is the greater downward slope seen in the RIJ flow

in the S5 storm-relative winds (Fig. 15b) compared to

that of S2 (Fig. 6b), with the axis of highest wind speeds

beginning at (0, 8.5 km) and reaching the surface at x 5
115 km; a total descent of 7.9 km, compared to only

2.8 km in S2 where theRTF flow remained elevated. The

P-3 predominantly sampled the relatively quiescent flow

at the lower fringes of the FTR flow during S4 and S5,

which ascended from right to left above the RTF flow

and RIJ, only encountering RTF flow in the lowest

500m of each spiral. During this period, damaging

straight line winds were reported at the surface 100 km

to the east-southeast of S4 and S5, with large tree

branches down, a pickup truck flipped, and destruc-

tion of a mobile home resulting in a fatality (https://

www.spc.noaa.gov/climo/reports/150619_rpts.html). Winds

beneath the S4 and S5ML (3.7 kmMSL) were as high as

36ms21 at 3.4 km MSL (Fig. 7).

The average value of dT/dz over S4 and S5 was less

negative than observed in S2, at 26.618Ckm21 and

26.478Ckm21, respectively. The S4 and S5 dT/dz

became more negative by22.68Ckm21 on average for

T . 08C, when compared to T # 08C (Fig. 13). The

subfreezing/subsaturated layer observed in S2 was also

present in S4 and S5, though at this time and location the

depth of this layer had decreased to 270m in S4 and

FIG. 15. As in Fig. 6, but for the S5 vertical cross section given by the solid black line in Fig. 5b.
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310m in S5 (Fig. 12). In addition, RH decreased at rates

of 22.6% 8C21 and 22.1% 8C21 within and below the

MLs of S4 and S5, respectively, with minima of 37.9%

and 46.6%. These observed thermodynamic changes

are consistent with an inferred change in latent cool-

ing across and below the ML (G09).

Similar to the preceding spirals, aggregates of largely

indeterminable shape dominated those particles ob-

served by the CIP through S4 and S5. Both spirals

exhibited isothermal layers at melting onset, with a

depth of 215m (230m) in S4 (S5), and ice was observed

to 15.98C (15.88C).
The vertical profiles of N(D) andM(D) for S4 and S5

shared the same overall distributions and trends, with

both spirals exhibiting numerous localized oscillations

most likely attributable to the horizontal inhomogeneity

revealed in the along-track TDR reflectivity. For brev-

ity, only the S5 profiles ofN(D) andM(D) are discussed

here (Fig. 16). For T,268C,N(D) andM(D) generally

exhibited slight decreases with increasing T across all

particle sizes. The vertical profiles ofNt and TWC for S5

(S4) similarly reveal modest decreases in both quantities

with increasing T over the same layer, with a dlogNt/dT

of 25.1 (29.0)% 8C21 and a dlogTWC/dT of 22.8

(24.7)% 8C21 (Figs. 9 and 10, respectively). Over the

same range, Dmm increased slowly at 163mm 8C21

within S5, with effectively no trend observed within

S4 (Fig. 11).

For 268 # T , 22.58C, N(D) and M(D) decreased

with increasing T forD# 2mm, most notably forD#

750mm, with no perceptible trend in either quantity

for 2 , D # 6mm. The sudden decrease in N(D) for

small particles within S5 manifest as a dlogNt/dT

of 250% 8C21—an order of magnitude difference

from the same quantity for T,268C—while dlogTWC/

dT changed only marginally to 24.1% 8C21. A similar

change was observed in the dlogNt/dT and dlogTWC/dT

of S4 for 268 # T , 22.68C, with values of 232.7%

8C21 and 27.4% 8C21, respectively. The considerable

decreases in Nt and comparatively small decreases

in TWC over these ice-supersaturated layers in S4

and S5 were concurrent with values of dDmm/dT of

1383 mm 8C21 and 1127mm 8C21, respectively. Taken

together with the decrease in N(D) and M(D) of small

FIG. 16. As in Fig. 8, but for S5. The dark blue horizontal line labeled as ‘‘1’’ in each panel refers to the top of the

subsaturated layer.
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particles, these trends are consistent with aggregation,

though a cause for the absence of any appreciable trend

in the distribution of larger particles is unknown.

For 22.58 # T # 08C, the subfreezing/subsaturated

layer above the S5ML, N(D) and M(D) decreased with

increasing T across all particle sizes, though preferen-

tially so forD, 1mm. The value of dlogNt/dT over this

layer became slightly more negative at 268.2% 8C21

while TWC began to decrease at a far greater rate than

observed above, with a dlogTWC/dT of 257.5% 8C21.

Given these changes, coupled with a dDmm/dT of

nearly21mm 8C21, sublimation was likely limiting the

effects of aggregation over this layer by aiding in the

reduction of small particles and countering the growth

of larger particles. The subfreezing/subsaturated layer

above the S4ML (22.68 # T # 08C) exhibited similar

changes in dlogNt/dT and dlogTWC/dT, with greater

rates of decrease (236.9% 8C21 and 225.1% 8C21,

respectively) than observed above this layer. However,

increases in the S4 N(D) and M(D) for D . 2mm be-

tween the ML top and T 5 20.68C (not shown)

yielded a locally sharp increase in Dmm, and subse-

quently modified the average dDmm/dT over the whole

layer to 1552mm 8C21. As previously noted, it is ex-

pected that such differences within and between S4 and

S5 are likely attributable to horizontal inhomogeneity

and the sampling of different particle populations.

d. S6: Non-RIJ ESR

The P-3 conducted a downward spiral (S6) between

0638 and 0647 UTC sampling the expansive stratiform

region north of S4 and S5 (Fig. 4e). Awell-defined bright

band was observed in the TDR reflectivity at this time,

aligned with the location of the ML as defined using

particle imagery. S6 was the only 20 June ESR spiral that

did not sample within the RIJ, and had the lowest wind

speeds observed among all 20 June spirals at all alti-

tudes, reaching a maximum of 19ms21 at 5.7 km MSL,

and maximum wind speeds below the ML (3.05km

MSL) of 14ms21 at 2.8 km MSL (Fig. 7).

Removed from the drying and warming impacts of

the RIJ, S6 had the lowest dT/dz of 25.178Ckm21

(Fig. 13), and was far moister than the other 20 June

spirals, particularly evident within and below the ML

where RH averaged 99% (Fig. 12). In addition, S6

exhibited a delay in the onset of melting to T512.38C
(Fig. 17), associated with a 750-m-thick layer of sub-

saturated air between the ML top and T 5 22.28C.
When melting finally commenced, it was accompanied

by a 100-m-thick isothermal layer at T 5 12.38C, and
another at138C of 164m depth. These thermodynamic

characteristics were unique compared to the other

20 June spirals.

The vertical profiles of N(D) and M(D) for S6

(Fig. 18) from T5212.58C to T522.248C, where RH

fell below 100%, indicated decreases in values forD #

2mm, with effectively no trend in either forD. 2mm.

The vertical profile of Dmm over the same layer ex-

hibited an increase of 1288mm 8C21 with increasing T

(Fig. 11). This, considered along with the more nega-

tive values of dlogNt/dT relative to dlogTWC/dT sim-

ilarly observed in the other 20 June spirals, suggests

that aggregation was a dominant process controlling

the PSDs within this layer.

FIG. 17. As in Fig. 14, but for S6.
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Within the subsaturated layer above theML (22.248#
T# 2.258C), bothN(D) andM(D) continued to decrease

with increasing T for all D # 6mm, with greater re-

ductions in both quantities for progressively smaller

particles. Over the same layer,Dmm increased at a much

greater rate of 1889mm 8C21, indicating an increase in

the mass concentration of larger particles, while a more

negative dlogNt/dT (248.5% 8C21) than seen in the

saturated layer above (221.8% 8C21) is consistent with

the decrease in the number of smaller particles due to

aggregation.While the subsaturated environment would

support sublimation as an active process, the near-zero

value of dlogTWC/dT over this layer suggests other

processes and/or the sampling of different particle

populations are to blame.

e. S7: Leading ESR/RIJ

Between 0709 and 0746 UTC the P-3 sampled along

the northern convective line and immediately behind

the bowing segment at 2.5 km MSL and observed the

highest flight-level wind speed on this day of 43m s21

while crossing the RIJ axis just prior to the final upward

spiral (S7) (Fig. 4f). S7 began its ascent within the

aforementioned wind maxima at the leading edge of

the ESR at 0746, just west of a well-defined TZ with the

convective line within the ;70-km range of the TDR

(Fig. 5c). Though still not fully resolved, the bookend

vortices present in the S5 analysis were far more pro-

nounced in the S7 storm-relative wind field, with a cyclonic

circulation centered at approximately x, y = (25, 55km),

and anticyclonic circulation centered at approximately

x, y = (35, 5 km).

The S7ML was observed between approximately 3.4

and 4.25 kmMSL based on particle imagery and aligned

well with the radar brightband signature in the S7 cross

section (Fig. 19a). A 145-m-deep isothermal layer was

observed at melting onset, similar to, though shallower

than that observed in S4 and S5 (Fig. 13). Ice was ob-

served as warm as T 5 14.78C (Fig. 20)—the coolest T

of melting completion of any of the RIJ spirals. At this

time and location, the resolved RIJ flow was of a greater

magnitude than observed in either S2 or S5, with storm-

relative winds parallel to the cross-section plane peaking

at 15ms21 at (105, 2.4 km) (Fig. 19b), and a maximum

FIG. 18. As in Fig. 8, but for S6. The dark blue horizontal line labeled as ‘‘1’’ in each panel refers to the top of the

subsaturated layer.
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ground-relative horizontal wind speed of 46ms21 at the

same location (Fig. 7). The RIJ descended from (0,

6.4 km) to at least (130, 2.4 km), with descent to the

surface either absent or unresolved by the analysis.

S7 was the moistest of the ESR RIJ spirals, with an av-

erageRHof 97%within, and 76%below, theML(Fig. 12).

Despite at least 3h of precipitation echo above the S7ML,

as indicated by radar observations of the storm-relative

location of S7, a 100-m-deep subfreezing/subsaturated

layer remained above the ML by the time of in situ ob-

servation; much shallower than similar layers observed in

S2, S4, and S5. In addition, the average dT/dz over the

depth of S7was26.08Ckm21, with only the non-RIJESR

spiral S6 having a lower rate of change (Fig. 13).

Within the top 400m of S7 (213.28 # T , 2118C),
N(D) andM(D) increased slightly with increasing T for

D # 750mm, while decreasing for 2 , D # 6mm

(Fig. 21). Immediately beneath this top layer, for

2118 # T , 24.78C, values of N(D) and M(D) de-

creased with increasing T for D # 750mm, remained

relatively unchanged for 750mm , D # 2mm, and in-

creased for 2 , D # 6mm. Overall, both Nt and TWC

decreased with increasing T over this layer (Figs. 9 and

10, respectively), with dlogNt/dT more than double

dlogTWC/dT, at 241.4% 8C21 and 217.5% 8C21, re-

spectively. A concurrent dDmm/dT of 1315mm 8C21

(Fig. 11) suggests that aggregation was likely the

dominant process affecting the evolution of the par-

ticle spectra, as in the saturated layers of the other

20 June spirals.

A brief increase in values of N(D) and M(D) oc-

curred between 24.78 and 23.58C for 250mm # D #

2mm, with decreasing values for both quantities for

2 , D # 6mm. A lack of any obvious changes in re-

flectivity or horizontal flow in Fig. 19, coupled with

persistently saturated conditions, suggests the P-3

temporarily spiraled into a different particle pop-

ulation over this layer.

For 23.58 # T # 08C, N(D) and M(D) decreased

across all particle sizes, most notably for 250mm#D#

2mm. On average, the magnitudes of both dlogNt/dT

and dlogTWC/dTwere297.8% 8C21 and244.2% 8C21,

respectively; more than twice the rates of decrease ob-

served in the layer between 2118 and 24.78C, while
approximately maintaining proportionality to each

other. This suggests aggregation occurred more readily

through this layer, though the observed decrease in

dDmm/dT to 1195mm 8C21 implies other factors may

have contributed to limiting particle growth. These prop-

erties were observed as the P-3 flew near the boundary

between the RTF and FTR flow along the upper extent of

the enhanced reflectivity gradient associated with the

bright band signature, which complicates the interpreta-

tion of such deviations from expected trends.

FIG. 19. As in Fig. 6, but for the S7 vertical cross section given by the solid black line in Fig. 5c.
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At 21.68C (4.4 km MSL), RH dropped below 100%

accompanied by enhanced decreases in both N(D)

and M(D), particularly for 250 # D # 750mm, as

sublimation was likely preferentially reducing the

number and mass of smaller particles while also lim-

iting aggregational growth for larger particles. The net

effect of sublimation on aggregational growth within

S7 was likely less than in S2, S4, and S5, where

subsaturated conditions were observed over greater

depths for T # 08C.

4. Discussion and conclusions

This study used airborne in situ observations from

seven spiral profiles within the 20 June 2015 PECAN

MCS, along with airborne and ground-based radar

observations, to characterize the microphysical and

thermodynamic properties within three primary MCS

regions (TZ, ESR, and anvil region). Five of these

spirals were within or near the main axis of the RIJ, and

when compared to each other and the two non-RIJ

spirals, provided an opportunity to consider how the

thermodynamic and microphysical characteristics vary

within and removed from the RIJ, in time, vertically,

and relative to the ML. The primary findings of this

study are as follows:

1) Aggregates were observed for T , 08C within every

profiled region of the 20 June MCS. Aggregation

was frequently reflected in the increase of the num-

ber and mass of large particles (D . 2mm) with

decreases in both quantities for smaller particles

(250mm # D # 2mm). In these cases, Nt decreased

at a greater rate than TWC with increasing T, along

with generally increasingDmm. Taken together, these

characteristics are representative of the growth of

aggregates primarily at the expense of small particles.

These trends were not consistently observed in all

layers, likely due to the limiting effects of sublimation

on aggregation, and/or potentially the sampling of

different particle populations.

2) The ML was found to act as an important and

distinct thermodynamic boundary in each of the

spirals where anMLwas observed, whereby differing

rates of change in T and RH were observed from

above to below theML, due to latent cooling focused

immediately above, within, and below the ML.

Overall, T decreased more with increasing altitude

below the ML than above it. The changes in the rate

of moistening from above to below the ML are

consistent with the results of the G09 column model

study, which showed that saturation is achieved

faster above the ML than below within any region

of an MCS. G09 found that the change in the rate of

moistening occurred across theML and was directly

attributable to the reduction in particle mass per

volume air below the ML due to the greater termi-

nal fall speeds of rain than that of ice. As such,

sublimation was able to act over greater concentra-

tions of ice particles, increasing RH faster than

below the ML, where relatively less moistening

FIG. 20. As in Fig. 14, but for S7.
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occurred from the evaporation of effectively lower

concentrations of rain drops.

3) Mesoscale descent associated with the descending

RIJ at the times of each of the RIJ spirals likely acted

to continually suppress RH and allowed for ice to be

present to much warmer T than expected absent any

external forcing. The latent cooling associated with

sublimation, melting, and evaporation within the

persistent layers of subsaturation above, within, and

below the ML of the 20 June MCS over the course of

at least 3h is inferred to have contributed to the

downward forcing of the RIJ.

The analyses of this unprecedented dataset allowed

for the formulation of the conceptual cross sections

in Fig. 22, which detail some of the key characteris-

tics and inferred processes within the 20 June MCS.

Regardless of whether the RIJ is present (Fig. 22a) or

not (Fig. 22c), ice particles descending above the ML

in the ESR grow primarily by aggregation, with indi-

vidual particle mass and dimension increasing at the

expense of total particle number. As these particles

approach theML, they enter an ice-subsaturated layer

where sublimation commences, preferentially remov-

ing small particles from the population, limiting growth

by aggregation, while cooling and moistening the envi-

ronment. At least in the vicinity of the RIJ, these effects

wane as the environment moistens downward in time

and toward the TZ, as seen between S4/S5 and S7

(Fig. 22a). Particle concentrations in the TZ are notably

lower than observed in the ESR, in part due to less

precipitation there as hydrometeors are ejected rear-

ward over the TZ from the convective line and fall

within the ESR (Figs. 22a,b). As in theESR, aggregation

is common in the TZ, thoughwith far subtler evidence of

melting onset at 08C.
Enhanced cooling by sublimation and evaporation

within the TZ ML limits melting, with most particles

completely sublimating/evaporating prior to melting

completion. The latent cooling imparted by sublima-

tion, melting, and evaporation all contribute to the

generation of downdraft circulations capable of forc-

ing the descent of the RIJ. This mesoscale descent

accelerates ice to warmer T prior to melting comple-

tion and/or complete sublimation/evaporation, with

FIG. 21. As in Fig. 8, but for S7. The dark blue horizontal line labeled as ‘‘1’’ in each panel refers to the top of the

subsaturated layer.
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adiabatic warming acting to counter any moistening

imparted by sublimation and evaporation.

Removed from the RIJ (Fig. 22c), melting onset is

delayed to T . 08C, with completion observed over a

shallower layer than observed near the RIJ. Apart from

the absence of the RIJ, the delay in melting onset is not

readily attributable to specificMCS regions, or degree of

ambient subsaturation; any such relationships may have

been obscured by the sampling of different particle

populations through the column. In the absence of the

mesoscale descent and adiabatic warming associated

with the RIJ, particle sublimation and evaporation

readily moisten the non-RIJ ESR environment, ap-

proaching saturation through much of the observed

area. The non-RIJ anvil region exhibited a sharp gra-

dient in RH well above the 08C isotherm, coupled with

complete sublimation of ice particles there, or at least

reduction of concentrations to below those detectable

by the CIP.

The observations of the 20 June 2015 PECAN MCS

presented in this study offers an unprecedented look at

how the microphysical and thermodynamic characteristics

vary relative to the regions within, and time evolution

of a single severe MCS. A more comprehensive com-

panion study will consider observations from 15 MCSs,

including all 37 spiral profiles executed during PECAN

and the 16 spiral profiles from BAMEX, to provide an

aggregate statistical analysis of how thermodynamic

FIG. 22. Conceptual schematics detailing the environment and inferred microphysical pro-

cesses within the 20 Jun 2015 MCS as functions of both altitude (km AGL) and temperature

(8C) in the vicinity of theRIJ within theESR [(a); region given by the solid red box in Fig. 1] and

TZ [(b); region given by the dashed light blue box in Fig. 1], and in regions removed from the

RIJ influence [(c); region given by the dashed dark blue box in Fig. 1]. Filled contours represent

RH (with respect to liquid water for T. 08C, and with respect to ice for T# 08C). The dashed
blue line represents the 08C isotherm, while dashed white lines represent the ML boundaries

[where the top of the ML in (a) and (b) is coincident with the 08C isotherm]. The vertical black

dashed line in (b) denotes the boundary between the anvil region and the ESR. The general

location and vertical extent of relevant spiral profiles are given by curved gray lines. The main

axis of the RIJ is given by the dark blue arrow in (a) and (b), and location of FTR flow given by

the darkmagenta arrow in (a). The inferred processes of aggregation, sublimation,melting, and

evaporation are illustrated by ice crystal and rain drop icons.
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and microphysical characteristics vary among the three

main MCS regions (the TZ, ESR, and anvil region).
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APPENDIX A

Extension of Size Distributions beyond the
CIP Range

To characterize the distribution of particle number

and mass within and beyond the size range normally

observed by the PIP, bulk TWC observations from the

SEA WCM-2000 probe were used in mass closure tests

to determine the most likely N(D) in the size range

beyond which the N(D) were sampled by the CIP.

Although there is considerable uncertainty in this ex-

tension, this approach is better than assumingN(D)5 0

for such large particle sizes because a bulk measurement

is available and is consistent with approaches used in

past studies (e.g., M07).

The TWC of particles within the CIP size range

(TWCCIP) was estimated from the habit-dependent

m–D relations, which when subtracted from the SEA

TWC (TWCSEA) yielded the TWC of particles in the

extended size range (TWCext). Following McFarquhar

et al. (2007b), an exponential form of N(D) was as-

sumed in the extended size range. Another constraint is

given by the continuity of the extended distribution and

that observed at the largest CIP maximum dimension

(Dmax), expressed by

N(D
max

)5N
0
e2lDmax, (A1)

where N0 is the intercept, and l is the slope. Thus, by

closure for each 10-s averaged PSD the TWCext is ex-

pressed by

TWC
ext

5

ð‘
Dmax

N
0
e2lD aDb dD , (A2)

where a (0.00825 g cm2b) and b (2.4806) represent m–D

coefficients appropriate for a trailing stratiform region

behind a convective line, as derived by Finlon et al.

(2019) using observations from a flight leg within the

ESR on 20 May 2011 MCS during MC3E.

The PSD extension was used only for times when

TWCext (equal to TWCSEA2TWCCIP) was greater than

0.005gm23, the approximate sensitivity of the SEAprobe.

A total of 42 CIP PSDs (;8% of the 491 observed 10-s

PSDs) had a TWCext less than this value, suggesting that

little to no mass was associated with large particles be-

yond the CIP size range at those times. The CIP obser-

vations alone were expected to adequately represent the

particle size distributions in those instances and were

retained, with null values for N(D) in the extended size

range. The alternative, discarding these PSDs, would

have biased the data away from those periods with few

or no large particles. In addition, 53 CIP PSDs (;11%)

were retained and not extended when fewer than 10 of

the 34 CIP size bins contained nonzero values, as solu-

tions for N0 and l were often poorly constrained for

those distributions. Finally, an additional six CIP PSDs

(;1%)were not extended as solutions forN0 and lwere

not possible.

Using N0 and l derived for each 10-s averaged PSD,

the observed N(D) was extended to D 5 12mm, with

M(D) calculated using the Finlon et al. (2019) m–D re-

lationship, and additional bulk quantities such as Nt and

Dmm calculated over the interval 0.125 # D # 12mm.

The mass distribution function M(D) peaked at D .
2mm in 69 CIP PSDs (;14%), in which cases more than

half of the mass was assumed to be contained in particle

sizes larger than those observed. While it is unknown

how well the extended PSDs characterize N(D) for

these larger particles since no direct observations are

available, the fits are an acceptable alternative to ig-

noring time periods with large mass contributions from

particles with D . 2mm.

APPENDIX B

List of Acronyms and Abbreviations

2DC Two-dimensional Cloud Probe

2DP Two-dimensional Precipitation Probe
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A Area ratio (projected area of a particle

divided by the area of a circle with

diameter D)

a/b Coefficients used in mass–diameter

relationships

B1 First spiral profile executed within the

29 June 2003 BAMEX MCS

BAMEX Bow Echo and Mesoscale Convective

Vortex Experiment

CIP Cloud Imaging Probe

D Maximum particle dimension (diameter

of smallest enclosing circle)

Dmax Maximum particle diameter observed in

a given CIP PSD

Dmm Median mass diameter

ESR Enhanced stratiform region

FTR Front-to-rear [flow]

G09 Grim et al. (2009)

KABR Aberdeen, SouthDakota,WSR-88D radar

KFSD SiouxFalls, SouthDakota,WSR-88Dradar

KUDX RapidCity, SouthDakota,WSR-88Dradar

m–D Mass–diameter relationship

M(D) Particle mass distribution function

M07 McFarquhar et al. (2007a)

MC3E Midlatitude Continental Convective

Clouds Experiment

MCS Mesoscale convective system

ML Melting layer

N(D) Particle number distribution function

N0 Intercept term of the exponential form

of the number distribution function

NOAA National Oceanic and Atmospheric

Administration

Nt Total particle number concentration

OAP Optical array probe

PECAN Plains Elevated Convection at Night

Experiment

PIP Precipitation Imaging Probe

PRE-

STORM

Preliminary Regional Experiment for

STORM-Central

PRF Pulse repetition frequency

PSD Particle size distribution

RH Relative humidity (w.r.t. liquid water for

T . 08C, and w.r.t. ice for T # 08C)
RIJ Rear inflow jet

RTF Rear-to-front [flow]

S09 Smith et al. (2009)

S1–7 Spiral profiles 1–7 executed on 20 June

2015 during PECAN

SAMURAI Spline Analysis at Mesoscale Utilizing

Aircraft and Radar Instrumentation

SEA WCM-

2000

Science Engineering Associates Inc.

multielement water content system

SHSR Multi-RadarMulti-Sensor SeamlessHybrid

Scan Reflectivity

T Flight-level temperature measurements

with the Zipser et al. (1981) sensor

wetting correction

TDR Tail Doppler Radar

TWC Total water content

TWCCIP Total water content of particles within

the observable size range of the CIP

TWCext Total water content of particles in the

extended size range of the CIP

TWCSEA Total water content as measured by the

SEA WCM-2000

TZ Transition zone

WSR-88D Weather SurveillanceRadar-1988Doppler

l Slope term of the exponential form of

the number distribution function
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